Abstract-An RF-photonic filter and down-converter system based on a compact and fully tunable silicon optical filter has been demonstrated and analyzed. Its frequency down-conversion was implemented using optical heterodyne detection with an injection locked laser. This system filters a 1.25 GHz-wide signal with 20 dB filter rejection and a very broad 20 GHz center tuning range. The frequency down-conversion process is operated in a low-IF mode to avoid laser low frequency noises. Measured system Spurious-Free Dynamic Range (SFDR) of 94.3 dB*Hz 2 3 has been limited by the optical losses from I/O coupling and measurement setup. We examined experimentally that 105.3 dB*Hz 2 3 SFDR is achievable if the encountered optical loss were reduced to the filter's intrinsic loss. Based on the excellent agreements between measured and simulated results, we explore the critical improvements of the silicon photonic devices needed for the system to achieve 118 dB*Hz 2 3 SFDR and briefly review the status of the component technologies.
I. INTRODUCTION

M
ILITARY industries continue to have strong interest in ultra-wide-bandwidth RF-photonic systems, primarily due to their ability to deliver performance with unprecedented high time-bandwidth product [1] . As communication/electronic warfare systems evolve to handle applications involving commercial cellular, fixed wireless, and high frequency radars all in a single platform, the system instantaneous bandwidth might reach 100 GHz. Designing with a conventional approach for such high spectral range would yield a complex system with enormous size, weight and power consumption. Though the speed of modern semiconductor devices already supports RF IC with bandwidths exceeding many tens of gigahertz, there is still not a filter technology competitive enough to facilitate radio operations with a similar bandwidth. Recent tunable filters (mostly MEMS or LTCC cavity-based) have center frequencies that are confined to a range of less than 10 GHz [2] - [4] and, due to a limited quality factor (Q), are expected to have relative bandwidths of 0.5-6%. Since much higher Q can be achieved with RF-photonic techniques, RF-photonic filters can be tuned over a wider range and with much less bandwidth variation, making them attractive options for operations up to 100 GHz operating range. Traditionally, RF-photonic filters were implemented with optical fiber Bragg gratings, fiber Fabry-Perot filters, or array waveguide gratings [5] . Designing a large system such as a broadband channelizer [6] with these traditional filters, the growth of physical size and complexity involved for accurate frequency tuning becomes a concern. To that extent, compact photonic filters based on a highly integrated platform [7] - [9] would be favorable. Recent silicon CMOS photonic ring-based filters have been shown with a Q factor on the order of 200 000 [7] , owing to greatly reduced photonic waveguide losses [10] . Because of silicon's high index contrast waveguides, a higher density of integration can be achieved to construct scalable systems with minimal component mismatch. Given that CMOS photonics technologies have been successfully demonstrated with optical detectors and modulators integrated on-chip [11] , an entire complex signal processor on a single monolithic CMOS platform may be feasible in the near future.
To demonstrate the power of CMOS-based RF-photonics, we constructed a complete system using a CMOS tunable optical bandpass filters reported in 2007 by Rasras et al. [7] . Each filter, with an area of 3.5 mm 0.25 mm, exhibits an adjustable optical bandwidth of MHz tunable over a 20 GHz frequency range [7] . The same filter was also reconfigured to form a microwave notch filter [12] to illustrate its functional flexibility. By implementing the frequency down-conversion process with an optical heterodyne technique, our RF-photonic filter and down-converter can be used to enable a 1.25 GHz-wide RF signal processing with 20 dB stop-band rejection and 20 GHz tuning range. Overall, an in-band system gain of 1 dB and SFDR of 94.3 dB*Hz was achieved. The SFDR was severely limited by the optical losses from filter I/O coupling, polarization mismatches, and other imperfections in our experimental setup. To understand the impact of these optical losses, we replaced the optical filter with an attenuation equivalent to the filter's intrinsic loss and achieved an SFDR of 105.3 dB*Hz . The latter, though an approximation, helps to estimate the improvement from minimizing I/O losses through system integration. For both experiments, our comprehensive analysis achieved very good agreement with measured results. This paper presents the first demonstration of an RF-photonic bandpass filter and down-converter system based on a CMOS optical filter. This design can be used as a starting point for building more complex systems with high bandwidth performance. Because the silicon photonics field is still relatively new, further improvements will be necessary to achieve a high end SFDR. We investigate the performance of future components required for meeting new challenges and review several recent component breakthroughs.
II. RF-PHOTONIC FILTER AND DOWN-CONVERTER SYSTEM
In general, RF-photonic filters can be implemented with either direct or coherent detection techniques. For the former, a broadband RF signal can be optically modulated, filtered, and converted back to an RF signal directly by an optical receiver (the diagram of a coherent detection system shown in Fig. 1(a) can be modified to show a direct detection system by bypassing the photonic local oscillator (LO) laser and the coupler). Such an approach may be straightforward but requires broadband detectors and amplifiers, since the filtered narrowband signals can still have a very high center frequency. Because ADC performance degrades when its spectral coverage increases, the signal at the detector would have to be converted to baseband with an RF mixer before digital sampling in order to achieve high system dynamic range. As the system complexity grows, it can become costly and power hungry since many high speed circuits are required. The excessive heat generated by these circuits can create problems for managing the temperature-sensitive photonic components.
Coherent detection systems, on the other hand, provide the ability to down-convert high frequency RF input to a low-intermediate frequency (IF) output by beating the optically filtered signal with the photonic LO signal. As illustrated in Fig. 1(a) , a very broad band RF signal at frequency is up-converted to optical frequency ( or ) by an optical modulator, where extends over the modulator's bandwidth and is a fixed carrier laser frequency. This up-converted signal is then filtered by a tunable CMOS optical filter, and subsequently mixed with the LO at at the coupler and balanced detector. This generates the down-converted signal at the IF frequency . The spectral relevance between signals can be better visualized with Fig. 2(a) , where the optical filter response is overlaid with the modulator output signals and the LO. In this example, the filter center frequency is tuned to to capture the positive sideband of the modulated signal at , where is the center frequency of the desired RF signal. Since the filter is tuned to the positive side of , the lower sideband signal at and the carrier at would be reduced at the filter stop band.
Typically, the system output frequency response ( Fig. 2(b) ) can be characterized by measuring the output spectrum while sweeping the RF input frequency with fixed and . As part of the system frequency plan, given a band of desirable RF input signal, the center frequency of the output signal should be adjusted to minimize unwanted spurious. As an example, it is convenient and beneficial to move the filter passband away from the LO frequency to suppress the noises caused by the LO low frequency spurious. Moreover, by lowering the IF frequency, the bandwidth of the detectors and amplifiers can be greatly reduced, as well as the amplifier/system power consumption. Details of the filter operation will be further clarified in the following system analysis.
III. SYSTEM ANALYSIS
Besides the filter's spectral response, important performance metrics of RF-photonic systems include Gain, Noise Figure (NF) and Linearity (IP3). In general, SFDR summarizes these system metrics, but in some cases NF may be explicitly required.
A. System Gain
For our analysis, a modulator model is assumed, as indicated in Fig. 1(b 
where and represent the filter's time domain impulse response and frequency response, respectively, and * denotes a convolution operator. Details on the of our CMOS optical filter can be found in [7] . According to (3) , because of the MZI modulator, detailed signal and carrier conditioning can be accomplished by varying DC phase . Note that, for simplicity, the input and output coupling losses (I/O losses) of the optical filter and the loss due to polarization mismatch are also included in these filter responses, represented by and . Because the filter is single-ended, we can only construct a partially balanced system ( Fig. 1) , which applies single-ended modulation but balanced detection. To derive the in-band system gain, we retain from (3) only the frequency component at , since the other two are significantly attenuated by the optical filter. For implementations involving loss from coupling signals in and out of a filter chip, an optical amplifier with power gain may be needed for compensation. In that respect, the signal field should be scaled accordingly.
Before beating the signal with the LO, we first describe the actual received photonic LO by (4) where the field magnitude relates to its source power by with accounting for the insertion loss of the coupler. By coupling the two optical fields, and , and beating them at the balanced detector, we obtained two electrical currents (5) and (6) For simplicity, sums up the DC phase terms between the optical fields and the filter response. and can be further expressed by (7) (8) (9) where represents the responsivity of the detectors. and represent the DC currents resulting from the self-beating of the modulated signal and LO. Even though their currents are cancelled at the balanced detector output, it is important to keep and because their shot noise contributions still add up. From (5) and (6), the AC current is calculated by taking the difference between and , where
Based on and the matching impedances of the detector and modulator, the system RF gain can be evaluated by (11) where . A few things worth noting are: 1) due to the detector matching there was an extra 6 dB power loss, which could be avoided if the detectors were integrated closely with an electronic amplifier; 2) in this case, the system gain can clearly be maximized at , rather than at the quadrature point commonly used in direct detection systems; 3) the RF filter attenuation scales dB-per-dB with the optical filter's power attenuation; 4) a factor of two less in modulator efficiency comes from using the single-ended modulator output.
B. Noise Figure
The noise output of this coherent heterodyne system with an OA on its signal path can be summarized in the following: (12) where represents the noise terms that are not cancellable from balanced detection and represents those cancellable ones. Here, accounts for the effectiveness of the noise cancellation from balance detection, i.e., means a full cancellation.
Balanced detection in a coherent detection system cannot cancel the RIN-and ASE-induced noises involving cross beating between a RIN/ASE noise from one path and the signals from its opposite path [13] . Evidently, shot and thermal noise are also not cancellable. In detail, is given by (13) where the individual terms represent contributions from, respectively: 1) thermal noise from the modulator and detector matching impedances, 2) shot noise from the LO and signal, 3) beat noise between the LO itself and the ASE noise from the signal path, 4) beat noise between the LO RIN and the signal RIN, and 5) shot noise due to ASE. The ASE noise from OA can be quantified with , where Planck's constant, the optical frequency, and OA's noise figure in dB. and represent the RIN factors associated with LO and signal lasers, and, without additional noise filtering, is simply the optical bandwidth of the OA. Note that the thermal noise given by the first term of (13) is similar to that of the direct detection system [14] , except the contribution from the modulator matching has been reduced because of the optical filtering. The shot noise given by the second term of (13) is dominated by the LO signal . However, it is the third term of (13) that typically dominates the output noise in systems implemented with high LO power and OA gain to combat high optical loss. Since the OA is placed after the filter, its ASE noise bandwidth is much higher than the signal bandwidth, so an extra factor of 2 must be considered in the noise term. Both polarizations have been considered for those ASE self-induced noise.
On the contrary, the cancellable noises from balanced detection involve the beating between RIN/ASE noises with the signal or LO from the same source path and can be expressed by (14) where the individual terms represent contributions from, respectively: 1&2) RIN noises from signal and LO paths, 3) beat noise between ASE noise and the signal, 4) ASE-ASE beat noise.
Using (11) and (12), we can represent the final system noise figure as (15) Based on (3) and (11), using an MZI modulator allows the system gain to be maximized while reducing the optical carrier and its associated noise. Such a benefit may not be available if using a different type of modulator. In general, although the RIN and ASE associated noise cancellation presented here cannot be as complete as that of a balanced direct detection system, at least the major RIN noise from the LO self beating can still be reduced by balancing the 2 2 coupler and the detectors. For those interested, some of the relevant noise discussions may also be found in [13] - [17] .
C. Distortion (Linearity)
To obtain the in-band input IP3, we examine the modulator output signal directly and leave out the filter and detectors. Since the third order inter-modulation product (IMD3) is created only at the modulator, if we referred to the system input, IP3 should not be affected by the filter or detectors (assuming the detectors handle high optical power and are linear). As discussed before, from (3), (5) and (6), the RF signal at the detector is proportional to the modulator output optical field and not its power, so the IP3 can be derived based on alone from (1) and (2), with the RF input replaced by a two-tone signal . Therefore, IMD3 should appear at the optical frequencies and , which are down-converted to IF frequencies at and after beating with the LO at the detectors. By expanding in a polynomial form based on small signal approximations and equating the first order and third order frequency components, the input IP3 voltage can be obtained by (16) which leads to simple expressions of IIP3 voltage and power (17) Compared to a direct detection system, this IIP3 power is two times (6 dB) higher given the same magnitude of [18] and is independent of the modulator DC bias .
D. SFDR
Applying (15) and (17), the SFDR of this coherent heterodyne detection system can be obtained with dB dB
For a system requiring further electrical amplification, its cascaded gain, NF, and IP3 can be calculated with conventional formulations for 50 matched systems (details are omitted here).
IV. EXPERIMENTAL SETUP AND RESULTS
Homodyne techniques can also be applied for coherent detection, for example, by bypassing the MZ2 DFB laser and circulator in Fig. 3(a) and using the master laser simultaneously as both the source for photonic LO and the signal carrier. However, even though its principle is sound, we found experimentally that the RF signal can fluctuate substantially due to the beating between the signal's carrier and the LO, whose phases vary after traveling through different fibers.
On the contrary, in a heterodyne design the problem is resolved by introducing a frequency offset to the LO with an injection-locked DFB laser. As shown in Fig. 3(a) , MZ2 takes a small portion of the master laser light (frequency ) and modulates it with an RF reference signal (frequency ) to generate a comb of injection source signals with strongest sidebands at (lower side) and (upper side), where . So, while the DFB laser is injected by these source signals from MZ2, its cavity resonance is thermally tuned to within the locking range of either the lower sideband at or the upper sideband at to reach an injection locked state. The LO signal generated is then coherent with the master laser signal (or carrier signal) with a frequency offset of . The unwanted LO harmonics at multiples of away from can be suppressed further with an extra optical filter if necessary. To capture a specific band of RF signal centered at in an optical lower sideband operation, given an RF LO at , the center of the optical filter and optical LO frequencies should be tuned to and respectively. In an optical upper sideband operation the negative signs become positive. After detection at the detector, the output RF frequencies would either be if (for an RF upper sideband down-conversion), or if (for an RF lower sideband down-conversion). Fig. 3(b) illustrates some of the frequency relationships between various components in the system where the first mixer symbolizes the optical modulator as an up-converter and the second mixer symbolizes the detector as a down-converter. In general, the CMOS filter was tuned thermo-electrically for bandwidth and center frequency adjustments. In terms of signal quality, since the optical filter does single-side-band filtering, better image rejection can be achieved with high stopband rejection at the image and/or by applying a single sideband modulator.
With regards to experimental procedures, without the recently available high resolution (20 MHz) optical complex spectrum analyzer (OCSA), the alignment of the optical filter, as well as the modulated signal and the LO signal with a sub-GHz frequency precision, would pose a formidable challenge. As an example, the spectral relationship between the optical injection signal from MZ2 (Fig. 4(a) ), the photonic LO signal generated from the side-band-injected DFB laser (Fig. 4(b) ), and the optical spectrum of the CMOS optical filter (Fig. 4(c) ) can be vi- sualized while each frequency is tuned. Note that a 5 GHz separation between the carrier and the sidebands is chosen for the injection source (i.e., GHz), and the slave DFB laser is tuned and injection-locked to the first lower sideband. In this case, 15 dB rejection of the LO's spurious rejection is given without any optical filtering. Fig. 4(c) illustrates the filter being tuned to the lower sideband of the LO (i.e., ) by a GHz offset, with the filter response exhibiting a 15 GHz free spectral range. This filter spectrum was captured by injecting broadband optical noise into the filter and optically amplified afterward. Given the high noise level involved in this observation, the filter rejection is not accurately conveyed. However, this measurement was quite useful for tuning purposes.
The ultra wide frequency tuning range of our RF-photonic system is demonstrated in Fig. 5(a), (b) , (c), and (d), where the down-converted RF output spectra were shown with set to 5, 8, 10, and 15 GHz, and the corresponding filters were centered at 2.25 GHz, 10 GHz, 12 GHz, and 17.5 GHz from the carrier. These plots show the RF input frequency spectrum covered from 0.5 GHz to 20 GHz, limited by the available RF synthesizer and the modulator, but not by the CMOS optical filter. All cases were based on optical lower sideband and RF upper sideband operations, except Fig. 5(a) , where an RF lower sideband operation was used to specifically avoid LO beating with the carrier. In Fig. 5(a) , the unwanted tone at 5 GHz caused by LO-spurious and LO-carrier mixings can be easily filtered out at the baseband. A slight tilt of the spectrum in Fig. 5(d) was observed, mainly due to higher roll-off close to the band edge of the modulator that can be equalized electronically. All filter bandwidths achieved were close to 1.25 GHz, and the stop band rejections were better than 20 dB. In fact, optical filter rejection dB was observed at 1553 nm optical wavelength, but it was beyond the tuning range of our master laser. In general, fine-tuning would depend on the accuracy of the on-chip thermo-electric heaters; a 25 MHz tuning accuracy was demonstrated optically [7] . Nevertheless, coarse tuning of the filter can be easily done by temperature controlling the filter's mounting base using a thermo-electric cooler (TEC). Fig. 5(c) illustrates a coarse 1 GHz tuning of the filter center frequency with 0.1 degree TEC adjustment. In this experimental setup, the master laser puts out 84 mW power at 1551.33 nm wavelength, from which 95% goes to MZ1 for signal modulation and 5% goes to MZ2 for sideband injection. The injection-locked DFB laser outputs 2.5 mW optical power at the first lower sideband and is directly joined with the modulated and filtered signal at a 2 2 coupler. MZ1 is a 20 GHz balanced modulator with of 2.1 V and 7 dB insertion loss. The characterization of the optical filter with an optical LUNA VOA indicates a 15 dB in-band optical loss, including 6 dB of intrinsic loss and 9 dB of facet losses. Unfortunately, due to the extra losses from the polarization controller and polarization mismatches between components in our optical probing system, the best in-band optical loss increases to 26.7 dB. This loss was measured by comparing the power of the modulated optical signal before and after the filter at the in-band frequency using OCSA. We expect this excessive loss to be dramatically reduced when this filter chip is integrated with other components. A 20 GHz bandwidth balanced detector at the 2 2 fiber coupler outputs were applied for optical signal detection. Two EAs with total gain of 30 dB, 4.5 dB NF, 13 GHz bandwidth, and 32.8 dBm output IP3 were applied at the detector output to increase RF system gain to a single digit level.
For RF system measurements, we operated the system in two configurations: (i) with the integrated CMOS optical filter followed by an optical amplifier (OA) to compensate the filter and other excessive losses, and (ii) with the optical filter and the OA replaced by a simple 6 dB attenuator to explore the baseline performance, assuming that the excessive I/O loss can be reduced, for example, by integrating modulators and detectors on chip. In case (i) the OA provides 23 dB gain using a 30 mA pump. We placed the OA after the filter simply to avoid chances of burning our sample, even though reversing the sequence would lower system noise. The linearity and the output noise measurement results are shown in Fig. 6(a) , where measured SFDR for case (i) is 54.3 dB*MHz or 94.3 dB*Hz and for case (ii) is 65.3 dB*MHz or 105.3 dB*Hz . System gain for both cases is close to 1 dB, since the OA pump current was adjusted to match the gain between case (i) and (ii). Both systems' IIP3s are about 22 dBm and the impact from the post-amplifiers is insignificant. Output noise levels for case (i) and (ii) are shown in Fig. 6(b) based on measurements from single-ended and balanced detectors. Measured gain improvements due to the balanced detector over single-ended detectors is about 5 dB, indicating slight imbalance at the coupler and detectors. As expected, only limited noise cancellation was achieved due to this rather simple setup we applied. Nevertheless, these various measurement configurations help to determine the noise cancellation factors and provide a crosscheck between results from several analyses. Good agreement between the measured and analyzed results were shown in Table I for both cases, which confirm that our analysis is comprehensive enough for further design optimization and technology assessments.
It is quite obvious that reducing system optical losses by having modulator and detectors integrated on the same chip can directly impact the system performance. However, achieving the SFDR close to 120 dB*Hz desired for many applications [22] will require that several serious challenges are met. Fig. 7(a)-(c) illustrates the simulated performances of SFDR, NF, and Gain versus variations of and laser carrier power. 50 mW of LO power was assumed based on the current achievable DFB laser power and the heat management consideration in a scaled up system. Since the cross beating between LO and signal RIN noise cannot be cancelled by a balanced detector, the RIN noise requirement of the carrier laser is raised to dBc/Hz. The noise cancellation from balanced detection is lowered to 0.01 ( dB) for reducing those cancellable noises. There is no electrical and optical amplifier involved, and the 6 dB loss caused by the detector's resistive matching is eliminated. With these requirements fulfilled, an SFDR of 118 dB*Hz can be achieved with a 1 V and a 1 W carrier optical power, as indicated by * in Fig. 7 . A 12 dB NF and 10 dB gain for a filter and down-converter with 15 dBm input IP3 would be considered quite competitive for many ultra broadband applications. To further improve NF, placing a single low gain and high linearity low noise electrical amplifier in front would be sufficient.
Given the size of the optical filters, it is conceivable that a sophisticated RF-photonic system can be built with a single silicon chip ( 400 filters/2 2.5 cm reticle). However, optimal system performance will depend on the success of silicon detector and modulator integrations. To date, Ge detector and silicon modulator research has primarily focused on digital applications. Ge detectors at 1550 nm have been developed with impressive responsivity (1 A/W), bandwidth (25 GHz) [19] - [21] , and dark current ( A) [20] , [21] . However, no specifics regarding power handling and linearity performances, which are important for analog applications, were mentioned. Silicon modulator designs [23] - [28] are beginning to achieve bandwidths comparable to those of LiNbO modulators. The LiNbO modulators, with GHz bandwidth and 1 V , have been shown to handle W input power in analog links with single digit NF and 120 dB*Hz SFDR up to 12 GHz [22] . A silicon modulator based on free carrier plasma dispersion effect was shown to reach 30 GHz bandwidth with 4 V-cm push-pull L product [23] . It was reported that, in a micro-ring-assisted silicon MZI [24] , bandwidth was increased to 35 GHz, together with a 25% L improvement. By hybrid integration with an AlGaInAs Multi-Quantum-Well, the electro-optics effect was enhanced in a 500 m evanescent MZI to achieve a 2 V-mm L [27] . However, while high bandwidth is the focus of digital modulators with some consideration for , in analog systems, low and high power handling are as important as high bandwidth. Compared to the LiNbO , the values of the silicon modulators are still much higher, and it is not clear that the power handling of the silicon modulators can reach 1 W without introducing serious nonlinearities. So far, power handling issues have not been addressed except in [27] , which claimed a 28 mW 1 dB-compression. Because silicon modulators might not be of a conventional MZI type, the optical response to a driving signal is no longer a simple trigonometric function (e.g., (2)).
is not necessarily an accurate indicator for a modulator's linearity performance; (16)-(17) may be more appropriate for quantifying the actual IP3. In addition, some of these silicon modulators' extinction ratios drop substantially when their bandwidths go up. When a system needs good carrier suppression and a high compression point, this might become a drawback. Since bandwidth, , and optical power handling are related, designing modulators for the RF-photonic applications will require a serious design trade-off between them. Optimization processes demonstrating the capability of designing a 15 GHz bandwidth and 0.886 V-cm L modulator would be helpful for future success [29] .
As system performance improves with better silicon photonics components, a low-RIN carrier laser becomes critical for the beat noise elimination needed for the few remaining dBs of system SFDR improvement. A recently reported Photonic Systems Inc. laser with a dBc RIN level seems promising [22] . Also, with matched detectors, an accurately tuned coupler, and on-chip electronics all integrated, balanced detection can be improved without resorting to bulky discrete tuning devices.
Certainly, the system complexity and functionality will always benefit from further reduction of the waveguide losses.
V. CONCLUSION
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